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Abstract 
Food-grade CO2 was injected into a shallow aquifer through a perforated pipe placed horizontally 1–2 m below the water table at 
the Montana State University Zero Emission Research and Technology (MSU-ZERT) field site at Bozeman, Montana. The 
possible impact of elevated CO2 levels on groundwater quality was investigated by analyzing 80 water samples taken before, 
during, and following CO2 injection. Field determinations and laboratory analyses showed rapid and systematic changes in pH, 
alkalinity, and conductance, as well as increases in the aqueous concentrations of trace element species. The geochemical data 
were first evaluated using principal component analysis (PCA) in order to identify correlations between aqueous species. The 
PCA findings were then used in formulating a geochemical model to simulate the processes likely to be responsible for the 
observed increases in the concentrations of dissolved constituents. Modeling was conducted taking into account aqueous and 
surface complexation, cation exchange, and mineral precipitation and dissolution. Reasonable matches between measured data 
and model results suggest that: (1) CO2 dissolution in the groundwater causes calcite to dissolve. (2) Observed increases in the 
concentration of dissolved trace metals result likely from Ca+2-driven ion exchange with clays (smectites) and 
sorption/desorption reactions likely involving Fe (hydr)oxides. (3) Bicarbonate from CO2 dissolution appears to compete for 
sorption with anionic species such as HAsO4-2, potentially increasing dissolved As levels in groundwater.   
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
One promising approach to mitigating the potential adverse effects of increasing CO2 in the atmosphere is its 
storage in deep subsurface reservoirs [1,2]. Proper site selection and management of CO2 storage projects must 
include minimizing the risks to human health and the environment. In case previously undetected conduits exist 
such as permeable faults or improperly abandoned boreholes, the stored CO2 could leak from a deep formation into 
overlying shallow groundwater resources that are used for potable or agricultural purposes. The dissolution of 
leaking CO2 into a freshwater aquifer would increase carbonic acid in solution and thus decrease the pH of the 
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aquifer. This increased acidity could in turn increase the concentrations of major and  trace elements, detrimentally 
impacting groundwater quality. 
The mobilization of hazardous trace elements in response to CO2 intrusion has been reported in laboratory 
experiments[e.g., 4,5,6] and field tests [e.g., 6], and studied using numerical models [e.g.,7,8,9]. The chemical 
processes responsible for the mobilization of trace elements include the dissolution of carbonates [3], sulfides [8,9] 
and iron oxyhydroxide minerals [6], and surface reactions such as adsorption/desorption and ion exchange [8,9]. 
 In a generic study of groundwater quality changes in response to CO2 leakage [8,9], reactive transport modeling 
suggests that substantial increases in aqueous lead and arsenic concentrations could occur as a result of CO2 
intrusion if the concentrations of these elements were controlled by sulfide phases (galena and arsenopyrite, 
respectively). The study also indicates that adsorption/desorption could be very important in mobilizing hazardous 
elements during CO2 intrusion. However, as also noted by Apps et al. [8], both the specific processes leading to 
mobilization of hazardous constituents and the magnitude of the effect is determined by site-specific conditions.  
Therefore, field tests accompanied by geochemical model development and interpretation are necessary to confirm 
the validity of the postulated processes.  The CO2 leakage test at the Montana State University Zero Emission 
Research and Technology (MSU-ZERT) field site, located at Bozeman, Montana, provides such an opportunity.   
At the MSU-ZERT field site, CO2 was injected into a shallow aquifer [10]. The possible impact of elevated CO2 
levels on groundwater quality was investigated by sampling and analyzing groundwater before, during and 
following CO2 injection [6]. Increases in the concentrations of major and trace chemical constituents were observed 
following injection of CO2. The principal objective of this study was to identify the geochemical processes 
responsible for the observed changes in the chemical composition of the groundwater in response to elevated partial 
pressures of CO2.  
In the following sections, we provide a brief description of the ZERT field test. We then describe the setup of a 
numerical model to simulate the observed geochemical response to CO2 leakage. The model results are then 
compared with field observations. The paper concludes with a discussion of the results, some tentative conclusions, 
and cautionary notes regarding still to be resolved model uncertainties.  
2. MSU-ZERT FIELD TEST 
The ZERT field site is located on a relatively flat 12-hectare agricultural plot at the western edge of the MSU-
Bozeman campus [10]. The overall goal of this research project is to evaluate atmospheric and near-surface 
monitoring and detection techniques applicable to the subsurface storage and potential leakage of CO2 
(http://www.montana.edu/zert/home.php). Details of regional setting, test methods, geology and hydrologic 
conditions of the test area are given in Spangler et al. [10]. 
 
Figure 1 Schematic representation of CO2 transport in ZERT field site. The cross-section shown is along the axis of 
well pairs 1A/B, 2A/B, 3A/B, and 4A/B 
 
Between July 9 and August 7, 2008, 300 kg/day of food-grade CO2 was injected into shallow groundwater 
through a horizontally placed a perforated pipe about 3 m below the ground surface, and about 0.5 to 1 m below the 
water table (see Figure 1).  Changes in groundwater quality were investigated through comprehensive chemical 
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analyses of over 60 water samples taken prior to, during and following CO2 injection from 10 shallow observation 
wells located 1-6 m from the injection pipe, and from two distant monitoring wells. Field and laboratory analyses 
showed a fast response to the CO2 release, as early as a day after start of injection in nearby wells.  The response 
was marked primarily by a pH decrease from ambient values ~ 7 to minimum values ~5.8 at wells closest to the 
injection well (within 1–2 m from it), and a significant increase in alkalinity and electrical conductivity. The 
concentrations of many dissolved species, including trace metals, also increased.  Concentrations of these 
constituents, however, did not rise above their established maximum contaminant levels (MCL) established by the 
U.S. Environmental Protection Agency (EPA). Several rainfall events occurred during the test.  Because of the thin 
vadose zone, water levels and water chemistry responded immediately to rainfall (within a day or more). For these 
reasons, the interpretation of geochemical response to CO2 injection was restricted to the first week of CO2 injection, 
during which time the test was not affected by rainfall.  
3. Geochemical data analysis 
As a preliminary step in developing a geochemical model, the measured geochemical data were subjected to a 
principal component analysis (PCA) to establish correlations between various chemical constituents and tentatively 
identify thermodynamic controls. Given that the groundwater at the ZERT site is very shallow and easily perturbed 
by atmospheric precipitation, the dataset used in the geochemical evaluation was restricted to 21 complete analyses 
of groundwaters taken between July 7, and July 17, 2008, before the first significant rainfall after CO2 injection had 
started. The PCA results were interpreted in conjunction with preliminary results of mineralogical studies of core 
material and used as a basis for hypothesizing some of the principal chemical processes that might be operative. The 
PCA findings are as follows:  
•A strong correlation between alkali metals (Li, Na, K), alkali earths (Mg, Ca, Sr, Ba), B, Al, Cr, SiO2(aq), Cd, 
and Pb, and an inverse relationship to pH was observed, suggesting ion exchange, most likely on smectite. 
•F, As, Se and Mo were correlated, suggesting possible adsorption of anionic species on secondary iron oxides or 
anionic clays. 
•NO3 was negatively correlated with Mn, Fe, and Co, and positively correlated with As, suggesting that NO3 is 
acting as an oxidizing agent, leading respectively to secondary precipitation or co-precipitation of Mn, Fe and Co,, 
or oxidative mobilization of As. 
•PO4 was negatively correlated with Mn, Fe, and Co, suggesting some precipitation/dissolution mechanism may 
be operative.  
•Cl, Br, and SO4-2 were correlated and appeared to be related to atmospheric precipitation. 
•U and Zn were outliers, whose chemical behavior is not presently understood. 
4. Geochemical model setup 
To evaluate whether adsorption/desorption and cation exchange could explain the observed evolution of aqueous 
constituents, a single-cell geochemical model was set up using the reactive transport simulator TOUGHREACT 
[11].  The capabilities of this code were enhanced through incorporation of a surface complexation model to 
compute the distribution of adsorbed chemical species on mineral surfaces [9]. 
The measured CO2 volume fractions in the monitoring well headspace at the ZERT site increased up to 90% 
during the test, leading to partial pressures of CO2 in contact with groundwater up to about 1 bar at the water table, 
and in excess of 1 bar at the point of injection. We therefore set the  model with a constant CO2 injection rate 
yielding CO2 fugacity values  reaching a maximum of 1.5 bars while the pH falls concomitantly to about 5.8, 
assuming instantaneous equilibration of gaseous CO2 with the aqueous phase. Five groundwaetr samples were taken 
before the release of CO2. The initial chemical composition (Table 1) was taken from sample 08ZERT-107, with pH 
adjusted slightly from 6.7 to 7.1 so that our calculation covered the pH range of all samples considered in this study. 
The initial partial pressure of CO2 in the groundwater was calculated to be 2.5×10-2 bars, with  calcite close to 
saturation (saturation index SI   –0.1. 
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Table 1. Primary species and their initial concentration 
Species Concentration (mol/L) Species 
Concentration 
(mol/L) Species 
Concentration 
(mol/L) Species 
Concentration 
(mol/L) 
pH 7.1 SiO2(aq) 5.3E-04 Ba+2 7.9E-07 Zn+2 4.6E-08 
Ca+2 1.9E-03 Cl- 1.3E-04 Cd+2 2.0E-09 HSeO3- 4.9E-08 
Mg+2 9.8E-04 HCO3- 6.3E-03 Co+2 4.2E-09 MO4-2 4.6E-09 
Na+ 3.3E-04 SO4-2 7.7E-05 Cu+2 2.4E-08 UO2+2 1.7E-08 
K+ 1.4E-04 NO3- 9.6E-06 H2AsO4- 1.3E-08 Cr(OH)2+ 2.2E-07 
Fe+2 1.8E-09 O2(aq) 1.2E-51 Mn+2 1.8E-08 HPO4-2 1.8E-06 
AlO2- 1.2E-07 Pb+2 2.4E-10 Sr+2 3.0E-06 Li+ 7.7E-07 
 
Kharaka et al. [6] describe the geology at the MSU-ZERT site.  Preliminary mineralogical analyses of cored 
sections to a depth of approximately 3 m provide a rough estimation of the mineralogical composition of the site. 
Table 2 lists the minerals considered in the model as proxies for the mineralogy of the sediment matrix. 
Apporxiamate amounts  were assigned to each mineral, roughly consistent with the mineralogy analyses. It should 
be noted that in the time frame of the simulation described in this paper, rock-forming minerals others than calcite, 
ferrihydrite, and green rust have dissolution rates that are too slow to yield any noticeable changes in groundwater 
composition upon reaction with carbonic acid.  
 
Table 2. Minerals considered in the model. 
Primary Mineral Volume fraction Primary Mineral Volume fraction 
Quartz 0.45 Ferrihydrite  0.01 
K-feldspar 0.1 Magnetite  0.02 
Oligoclase 0.34 Goethite 0.001 
Smectite  0.01 Green rust 0.001 
Dolomite  0.02 Calcite 0.05 
 
Table 3. Cation exchange reactions and selectivity coefficients. 
Cation exchange reaction KNa/M 
Na+ + X-H = X-Na + H+ 1 
Na+ + X-K = X-Na + K+ 0.2 
Na+ + 0.5X-Ca = X-Na + 0.5Ca+2 0.4 
Na+ + 0.5X-Mg = X-Na + 0.5Mg+2 0.45 
Na+ + 0.5X-Pb = X-Na + 0.5Pb+2 0.4 
Na+ + 0.5X-Ba = X-Na + 0.5Ba+2 0.35 
Na+ + 0.5X-Cd = X-Na + 0.5Cd+2 0.4 
Na+ + 0.5X-Co = X-Na + 0.5Co+2 0.6 
Na+ + 0.5X-Cu = X-Na + 0.5Cu+2 0.5 
Na+ + 0.5X-Mn = X-Na + 0.5Mn+2 0.55 
Na++0.5X-Sr = X-Na + 0.5Sr+2 0.35 
Na++0.5X-Zn = X-Na + 0.5Zn+2 0.4 
Na++0.5X-Fe = X-Na + 0.5Fe+2 0.6 
 
Chemical reactions considered in the model include aqueous complexation, cation exchange, 
adsorption/desorption and mineral dissolution/precipitation. Of these, cation exchange and adsorption/desorption 
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reactions are believed to predominate. Table 3 lists the cation exchange reactions and the selectivity coefficients. 
Gaines-Thomas convention is used here. The selectivity coefficient for exchangeable H+ is taken from Charlet and 
Tournassat [12], and those for the remainder of the exchangeable cations are taken from Appelo and Postma [13]. 
The cation exchange capacity (CEC) is the key parameter for the calculation of cation exchange. Because the 
measured CEC for the sediments at MSU-ZERT site is not currently available, we used the measured the CEC of 
around 12 meq/100g for Hanford sediments [14], which has similar composition to the sediments at the MSU-ZERT 
site. A nonelectrostatic surface complexation model was applied to compute adsorption/desorption. Table 4 lists the 
surface complexation reactions. Note that only those sorption reaction on the weak sites are shown in Table 4, their 
counterparts on the strong site are considered in the model but not shown in Table 4. Surface complexation 
constants are taken from Dzombak and Morel [15]. Hydrated ferric iron oxide (HFO) is assumed to be the only 
adsorbent. The site density for the strong site is assumed to be 1.76×10-6 mol/m2, and that for weak sites is assumed 
to be 3.22×10-6 mol/m2 [16]. The specific surface area is assumed to be 14.7 m2/g [16]. Mineral 
dissolution/precipitation reactions are assumed kinetically controlled and the details of kinetic rate law used in 
TOUGHREACT is given in Xu et al., [11]. The solubility products of minerals are based on a database qualified by 
the U.S. Department of Energy for the Yucca Mountain Project [17].  
 
Table 4. Surface complexation reactions and surface complexation constants (logK) on HFO 
Surface complexation logK
HFO_wOH2+ = HFO_wOH + H+ -7.29
HFO_wO- + H+ = HFO_wOH 8.93
HFO_wOHSO4-2 = HFO_wOH + SO4-2 -0.79
HFO_wSO4- + H2O = HFO_sOH + SO4-2 + H+ -7.78
HFO_wSeO3- + H2O = HFO_wOH +HSeO3- -4.29
HFO_wMoO4- + H2O = HFO_wOH + MoO4- + H+ -9.5 
HFO_wOHMoO4-2 = HFO_wOH + MoO4-2 -2.4 
HFO_wH2AsO4 + H2O = HFO_wOH + H2AsO4- + H+-10.17
HFO_wHAsO4- + H2O = HFO_wOH + H2AsO4- 0.35
HFO_w H2PO4 + H2O = HFO_wOH + HPO4-2 + 2H+ -18.9
HFO_wPO4-2 + H2O = HFO_wOH + HPO4-2 -5.4 
HFO_wCO2- + H2O = HFO_sOH + HCO3- -2.45
HFO_wCO2H + H2O = HFO_sOH + HCO3- + H+  -2.45
5. Model results and discussion 
Earlier generic studies of CO2 leakage into potable groundwater aquifers [9] indicated that the dissolution of 
carbonate minerals (mainly calcite) can significantly buffer pH through the dissociation of carbonic acid. Clay ion 
exchangers, when present in significant amounts in an aquifer host rock or sediment, can also strongly buffer pH 
through protonation [18,19]. In the present model, the dissolution of calcite, and H+ buffering through cation 
exchange and surface complexation could all contribute to buffering pH. Figure 2 (left) shows the calculated pH by 
different combinations of these chemical equilibria. A simulation without carbonate minerals leads to a lower pH 
than the base case where the presence of carbonates is assumed, but is only marginally higher than the simulation 
without any buffering. This suggests that at the MSU-ZERT site, dissolution of carbonate minerals is the principal 
pH buffering process, whereas the protonation via cation exchange and surface complexation does not affect pH 
significantly, because the shallow saturated zone at the MSU-ZERT site soil does not contain large amounts of clay 
minerals.   
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Figure 2. Calculated pH with different combination of chemical reactions (left) and calculated sodium 
(right) concentration vs pH. 
The groundwater at the MSU-ZERT site responds promptly to the release of CO2, as the pH falls within 1 or 2 days, 
and a significant increase in major cations and trace metals are observed before the first rainfall occurs about 10 
days later. With a decrease in pH, calcite dissolves and releases Ca+2 into the aqueous phase. Aqueous Ca+2 in turn 
exchanges with the exchangeable cations on the cation exchanger (here modeled as a generic non-specific mineral, 
likely to be smectite at the site). As a result, the concentrations of the major cations increase in solution. Figure 2 
(right) shows the calculated sodium concentration versus pH. The close fit between calculated and measured 
concentrations support the hypothesis that cation exchange could dominate the evolution of major cations in 
response to the CO2 leakage at the MSU-ZERT site.  
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Figure 3. Calculated lead (left) and arsenic (right) concentration vs pH.  
 
Figure 3 (left) show the calculated lead concentration. Reasonable matches between calculated and measured 
concentrations again suggest that the calcium-driven cation exchange could explain the observed trace metal 
response to CO2 leakage. 
 
Another effect of increasing dissolution of CO2 in the groundwater is the increase of aqueous bicarbonate (HCO3-) 
concentration. The increase in HCO3 leads correspondingly to increased adsorption of carbonate on the HFO 
surface. As a result, some anionic species are displaced into the aqueous phase. Figure 3 (right) shows the aqueous 
concentration of arsenic. Although the data show a wider spread and are thus more ambiguous than for the case of 
the cations, the model suggests that   carbonate-initiated desorption is a plausible process controlling the 
concentrations of  As(V).  
 
6. Concluding remarks 
Rapid and systematic increases in major and trace elements were observed at the MSU-ZERT field test [6].  These 
trends have been simulated with a geochemical model with which various hypothesized chemical processes were 
tested. Measured data before the first rainfall after the start of the test were used for comparison with model results, 
in an attempt to eliminate complex interactions resulting from mixing of infiltrating rainwater with the groundwater.  
Reasonable matches between measured data and model results suggest that (1) calcite dissolution could be the 
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primary process buffering pH, (2) the increase in the concentrations of major cations and trace metals except Fe 
could be explained by Ca+2-driven exchange reactions, (3) the release of anions from adsorption sites due to 
competing adsorption of bicarbonate could explain the concentration trends of most anions. 
 
Because of the lack of key parameters such as the cation exchange capacity, type and amounts of exchanger and 
surface reactive minerals, our current interpretation of the geochemical response to CO2 injection relies on 
hypothetical values for those critical parameters. Consequently, the observed correlation between measured data and 
our model is not conclusive. Furthermore, secondary precipitates whose concentrations are too low to be detected by 
conventional mineralogical methods of analysis might control the aqueous concentrations of some trace elements. 
Finally, many of the trace elements might be presenting different oxidation states than assumed, because of 
uncertainties remaining about  the groundwater redox state at the MSU-ZERT site.  Nevertherless, this work 
suggests that ion exchange and sorption/desorption reactions are a very plausible mechanism leading to the fast 
release of trace metals upon CO2 dissolution into groundwater. 
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